Introduction
Since the first pap er by K rogm ann et al. [ 1] on the uncoupling o f p h o tophosphorylation by am m o n iu m salts, the effects o f m any am ines on A T P fo rm a tio n in chloroplasts have been described [2, 3] , T he effects appeared to be p H -d ep en d en t and the u n charged form was thought to be the active species [2, 3] . A m m onium chloride and m eth y lam in e are rather weak uncouplers but the uncoupling activity increased considerably on lengthening o f th e alkyl chain [4] , Some lipophilic chem icals carrying a dialkylam inoalkyl side chain such as ch lo rp ro m azine [5, 6 ], atebrin [6 , 7] , ch lo ro q u in e [8 ] and the series o f W right et al. [9] also proved effective uncouplers. A few m ore com plicated lip o p h ilic nitrogenous bases such as octylguanidine [6 , 1 0 ] and arylam inotetrahydropyrim idines [11] proved to be inhibitory uncouplers.
In this paper we wish to report on the oncoupling properties o f a series o f chem icals related to N ,N -diethyl-N '-(4-cyclohexylphenyl)-1,2-ethanediam ine (PH 40-62) w hich also show ed algicidal activity against filam entous algae in field co n d i tions [ 12] . 
Methods

Chemicals
All inhibitors were synthesized in the Synthesis D epartm ent o f the D u p h ar C rop P rotection D iv i sion, by known m ethods.
Photosvnthetic measurements
The isolation o f spinach chloroplasts, th e ir h eat treatm ent or digestion by trypsin, and the in c u b a tion procedure for m easuring photosynthesis have been described recently [11] . In hibitors w ere ad d ed to the incubation m edium as m eth an o lic solutions, the final m ethanol concentration being alw ays 2 %.
Structure-activity relationships
The relationship betw een chem ical stru ctu re and biological activity was investigated using the Hansch approach [13] . At first, the h y d ro p h o b ic and electronic param eters n and a were used. In o rd er to com pare chem ically different series it is necessary to use log P values (p artitio n coefficient in an o ctanol/w ater system). Som etim es these values w ere G. van Tables o f H ansch and Leo [13] or given in the original literature. If not, log P values w ere calculated using fragm ent constants as described by R ekker [14] .
Results and Discussion
Effects on electron transport and photophosphorylation Figure 1 shows the effects o f different co n cen tra tions o f PH 40-62 on photoreactions by chloroplasts. At rather low concentrations, 10 (im, the A T P fo rm a tion is already inhibited up to 50%, w hile no effects on the electron transport are observed. W hat happens at higher concentrations depends on the pH of the incubation m edium . At pH 7.5 a stim u la tion o f phosphorylating and basal electron tran sp o rt to 122 and 193% respectively at 0.3 m M occurs. T his is a typical picture o f an uncoupler. By contrast, at pH 8.0 an inhibition o f the electron tran sp o rt above 0.1 m M is obvious, so that the stim ulation o f basal and phosphorylating electron transport is elim inated. T he fact that uncouplers act as electron transport inhibitors at high pH values has already been known for a long tim e [2, 3] o f the electron transport due to uncoupling by PH 40-62 has disappeared totally upon trypsin tre a t m ent (Figure 2 B) . These experim ents indicate th a t PH 40-62 inhibits the electron transport before photosystem II near the w ater-splitting site, as has been described for other types o f am ine uncouplers [11, 15] but uncouplers o f other types also in h ib it at the w ater-splitting site [16, 17] ,
Reversibility o f the inhibition
To investigate w hether or not the effects o f PH 40-62 are reversible, chloroplasts w ere p re incubated in a bu ffer (50 m M T ricine pH 8.0, 1 m M M gCl2) containing d ifferen t am o u n ts o f this com pound. A fter 10 m in in cu b atio n in the d ark the in hibitor was rem oved by w ashing and cen trifu g a tion at 30 000 x g. P hotosynthetic activities were m easured in the standard m edium . T he results, shown in T able III, indicate irreversible in h ib itio n o f the elecetron transport at 1 mM. U n coupling by PH 40-62 is partially reversible w hile effects of N H 4C1 are fully reversible. T he latter is in agree m ent with oth er studies [2, 3] . A vron and Shavit studied the natu re o f the effects by ch lo rp ro m azin e and atebrin [6 ] , and also found partially reversible uncoupling by these chem icals. O th er uncouplers such as m ethylam ine [2, 3] and carbonylcyanid e phenylhydrazones [18] uncouple in a reversible way.
Structure-activitv relationships
In 1960 G ood show ed th at sim ple alkylam ines were uncouplers w hile m ore p o lar com pounds like 1,2-diam inoethane were not [2] . L ater on, C rofts showed that the tetra-N -alkylated d eriv ativ e did show uncoupling properties [19] . O th er chem icals having dialkylam inoalkyl side chains such as chlorprom azine. atebrin and PH 40-62 proved uncouplers as well [5 -9 ] . In order to ascertain w hich p o rtio n o f the molecule is essential to the uncoupling activity we studied the effects o f a series o f d erivatives o f PH 40-62 in which the substituents in the phenyl ring are changed. T able IV show s the activities o f these chemicals on FeCy reduction and p h o s phorylation.
Only the most lip o p h ilic com pounds including PH 40-62 inhibit FeC y reduction below 0.3 mM. The effects on cyclic and noncyclic p h o sp h o ry latio n are almost identical. T he p l50 values increase w ith increasing length o f the alkyl chain indicatin g the possible role o f h ydrophobic binding. T he u n coupling activities were analysed using m ultip le regression and a good correlation w ith n and a was found, whereas n show ed a q u ad ra tic relationship .
For the noncyclic and cyclic p h o sp h o ry latio n Eqs. (1) and (2) were found respectively. suggest that electron-w ithdraw ing groups will increase the uncoupling activity. The q u ality o f Eqs. (1) and (2) is q u ite good: the differences between the observed and the calculated values in T able IV are rath er small, no m atter w h eth er th e substituents are introduced into ortho, m eta or p ara position.
Changes at the other end o f the m olecule h ave only a slight effect on the uncoupling activity; see T able V. A sim ilar conclusion was draw n by W rig h t et al. for their series of uncouplers [9] , Only m ethyl substitution at the aniline nitrogen caused an increase in uncoupling activity (see com pound 2 2 
in T able V).
Comparison between the PH 40-62 series and other series o f uncouplers
The chem ically sim plest uncouplers are « -alk y l am ines and M cCarty and C olem an found th e ir activity to be linear correlated with log P [4] , O u r QSAR analysis led to Eq. (3). pi so = 2.288 + 0.472 log P In studying alkylam ines w ith longer alkyl chains, Trebst et al. found that optim um uncoupling activity is reached with dodecylam ine. w hich has a log P value o f about 5.1 [20] .
We calculated the log P value o f co m pound 1, according to the m ethod o f R ekker [14] and found a value of 2.31. A regression analysis using the uncoupling o f cyclic phosphorylation and calculated log P values o f the com pounds listed in T ables IV The quality o f this equation is m uch less th a n th at o f Eq. (2) because the influence o f electronic effects is ignored. The o ptim um log P value is 5.8. W e ap p lied the same procedure to the chem icals o f our previous p ap er [11] and found the log P value o f T he optim um log P value is 4.7. It is notew orthy that in the three series discussed so far the m ax i m um p I 5o value for uncoupling is alw ays ab o u t 5.0, while the optim um log P value is also about 5.0. T he uncoupling data o f the three series are plotted against log P in Fig. 3 This equation is illustrated in Fig. 3 . T he alip h atic am ines (open circles) are less active th an pred icted . This discrepancy can be caused by differences in experim ental procedures. A nother ex p lan atio n is that arom atic com pounds are m ore active u n couplers than aliphatic com pounds having th e sam e lipophilicity. because o f electronic effects. Because the chemical structures o f the co m pounds m e n tioned in Fig. 3 are rath er different it is not possible to use a a param eter for these 43 co m pounds in a sim ple way. We therefore decided to add a du m m y param eter which has the value o f one for alip h atic am ines and is equal to zero for the aro m a tic co m pounds. Now Eq. (7) was obtained. Two com plicated am ines reported in the literatu re to be uncouplers viz. chlorprom azine [5, 6 ] and atebrin [6 . 7] can be added to the series w ith o u t Log P changing the correlation significantly (these co m pounds are indicated in Fig. 3 by asterisks) . T he phenom ena discussed so far are ap p aren tly typical o f uncouplers o f the am ine type. In contrast, a second type o f inhibitors o f A TP form ation has been described having an aro m atic -N H -group which has acidic rath er than basic properties.
Examples are benzim idazoles [20. 21] , th ia d iazolylanilides [22, 23] , d iphenylam ines [17, 24] and phenylhydrazones [6 ] . In these instances, the in tro duction of a m ethyl group at the acidic -N Htotally elim inated the encoupling activity [21, 23] , whereas the nitrogen atom s o f the basic uncouplers may be com pletely substituted (see for exam ple, com pound 22). M oreover, in the PH 40-62 series the most basic nitrogen atom is not the an ilide nitrogen but the diethylam inoethylene-group having a p K a o f about 9.4 which is co m parable to th at o f N H 4 . The second type o f uncouplers m ostly in h ib it the electron transport in such a way th at only the effects on cyclic phosphorylation can be m easured. In consequence, the question w hether these com pounds are inhibitory uncouplers o f in h ib ito rs of energy transduction is not well docum ented. S tructure activity relationship studies w ith these com pounds showed electronic effects to be m ost im p o rtan t, since the uncoupling activity increases w ith the num ber of electronegative substituents [23, 24] . T he most active com pounds in the series o f Schäfer et al. [23] and O ettm eier [24] have p l50 values o f 7.30 and 6.74 and corresponding log P values o f 3.0 and 3.7.
M oreover, R enger described an an ilin o th io p h en e having a p l50 o f even 7.7 and a calculated log P o f 4.7 [16, 25] . These com pounds are polysubstituted by halogen and nitro groups producing an electrondeficient -N H -group and they do not fit easily into the picture o f Fig. 3 . On the contrary, for the series o f thiadiazolylanilides [23] we found a cor relation w ith pK a: p l50 = 9.785 -0.599 pK a (8 ) and O ettm eier described a relation w ith o for diphenylam ines [24] . In ano th er th iadiazolylanilide series a relation w ith log P was found [22] , b u t this relation is not very reliable d ue to the small n u m b e r o f com pounds and a relationship betw een un coupling and electronic effects cannot be excluded. However, for the series o f benzim idazoles an excellent correlation w ith log P was found by Büchel et al. [21] . These log P values are how ever, not related to H ansch's n values (/• = 0.43) and the uncoupling activity show ed very poor correlation with 7T , a and pK a values.
It is surprising to note that 15 benzim idazoles from the pap er by Büchel et al. [21] can be add ed to the 45 com pounds presented in Fig. 3 This equation should be co m p ared directly w ith Eq. (6 ) . Only the unsubstituted 2 -C F 3-b enzim idazole has been om itted because the difference betw een the determ ined and p redicted p l 50 value was m ore than 1.0 .
Sum m arizing, we can conclude th at there are two types o f uncouplers:
1. the type o f basic am ino derivatives for w hich lipophilicity is the m ost im p o rta n t p roperty and electronic effects play only a secondary but obvious role (see Eqs. (1) and (2)). 2. the com pounds having an -N H -group betw een two arom atic system s in w hich electronic effects are much m ore im p o rtan t th an lip o p h ilicity and o f which the -N H -hydrogen m ust not be alkylated. These com pounds are generally lip o philic weak acids, w hich p ro p erty fits well into the chem iosm otic theory for uncoupling. In a few instances, how ever, a co rrelatio n w ith ex p e ri m entally d eterm ined log P was found alth o u g h these log P values w ere not related to H an sch 's n constants.
The real uncoupling m echanism o f b oth types is not clear but it is p robably m ore com plicated th an th at o f sim ple com pounds such as m eth y lam in e and am m onium chloride.
